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In Brief
Ma et al. demonstrate multiple
occurrences of fossilized brains of the
same species of a lower Cambrian
arthropod. Elemental analysis of these
fossils demonstrates that neural tissue is
preserved initially as a carbon film upon
which subsequent pyritization can occur,
resolving the most likely preservational
pathways of fragile neural tissue.
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The record of arthropod body fossils is traceable
back to the ‘‘Cambrian explosion,’’ marked by the
appearance of most major animal phyla. Excep-
tional preservation provides crucial evidence for
panarthropod early radiation. However, due to
limited representation in the fossil record of inter-
nal anatomy, particularly the CNS, studies usually
rely on exoskeletal and appendicular morphology.
Recent studies [1–3] show that despite extreme
morphological disparities, euarthropod CNS evolu-
tion appears to have been remarkably conservative.
This conclusion is supported by descriptions from
Cambrian panarthropods of neural structures that
contribute to understanding early evolution of ner-
vous systems and resolving controversies about
segmental homologies [4–12]. However, the rarity
of fossilized CNSs, even when exoskeletons and
appendages show high levels of integrity, brought
into question data reproducibility because all
but one of the aforementioned studies were based
on single specimens [13]. Foremost among objec-
tions is the lack of taphonomic explanation for
exceptional preservation of a tissue that some
see as too prone to decay to be fossilized. Here
we describe newly discovered specimens of the
Chengjiang euarthropod Fuxianhuia protensa with
fossilized brains revealing matching profiles, allow-
ing rigorous testing of the reproducibility of cerebral
structures. Their geochemical analyses provide
crucial insights of taphonomic pathways for brain
preservation, ranging from uniform carbon com-
pressions to complete pyritization, revealing that
neural tissue was initially preserved as carbona-
ceous film and subsequently pyritized. This mode
of preservation is consistent with the taphonomic
pathways of gross anatomy, indicating that no spe-
cial mode is required for fossilization of labile neural
tissue.Current BioRESULTS
Neuroanatomy of Fuxianhuia protensa
Reinvestigation of structures originally suggested to be neural
traces in F. protensa (Yunnan Key Laboratory for Palaeobiology
[YKLP] 15006a) [4] revealed the brain as an approximately bilat-
erally symmetric lobate profile associated with two pairs of
head appendages and paired optic tracts providing nested
profiles in the eyestalk matching the malacostracan lamina,
medulla, and lobula [6]. These attributes were interpreted as
comprising a tripartite prestomodeal brain composed of fused
proto-, deuto-, and tritocerebral neuromeres. Two newly discov-
ered specimens (YKLP 11357 and 11358) and the counterpart
(YKLP 15006b) of the original specimen provide further neuro-
logical features of F. protensa (Figures 1A–1C), which corrobo-
rate described structures [6] and prompt one important revision.
They also resolve crucial questions regarding the preservation of
neural tissue in Chengjiang fossils.
New data from the counterpart (YKLP 15006b; Figure 1C)
show that traces interpreted previously as tracts to the eye-
stalks extend only far enough anteriorly to enter the base of
the antennae situated behind the eyestalks. These traces
are thus identified as antennal nerves (Figures 1C and 1G).
Further, the heterolateral trace in YKLP 15006a, interpreted
as a connection between the optic tracts [6], is resolved in
the counterpart YKLP 15006b not as a neural structure but
as a pyrite trace on the exoskeletal margin. Caudal to the
antennal nerves, a pair of robust nerve roots emerging laterally
from the brain (Figures 1C and 1G) represents paired tritocere-
bral nerves corresponding to specialized post-antennal ap-
pendages [8]. Cumulative observations of YKLP 15006a and
15006b thus demonstrate that the contiguity between the
protocerebrum and optic lobes was not preserved in this spec-
imen. However, connections between the central brain and
optic lobes are clearly resolved as intact in the newly collected
specimens YKLP 11357 and 11358 (Figures 1A, 1B, 1E, and
1F), demonstrating that optic tracts extend directly from the
anterior lobes of the protocerebrum, continuing distally into
the eyestalks and out to the eyes. Successive swellings along
optic tracts in the eyestalks of YKLP 11357 and 11358 repre-
sent three nested optic neuropils, as originally observed in
YKLP 15006 (Figures 1C, 1D, 1G, and 1H) [6]. These two new
specimens also corroborate the disposition of the antennallogy 25, 2969–2975, November 16, 2015 ª2015 The Authors 2969
Figure 1. Preservation of Corresponding Brain Areas in Three Specimens of Fuxianhuia protensa
(A andB) Two new specimens, YKLP 11357 (A) and YKLP 11358 (B), reveal black deposits indicative of optic lobes and optic tracts (OT) leading from the eyestalks
to the protocerebrum (PRO), much of which has been lost in YKLP 11358 (B). Traces of the antennal nerve (A1) are also shown originating from the second brain
segment, the deutocerebrum (DEU).
(C and D) Counterpart and part of YKLP 15006 showing neural traces as reddish to black areas. In both, a heterolateral deposit (arrowheads) extending across the
front of the head shield, absent in YKLP 11357 and 11358, is here excluded as a bridge of preserved neural tissue, revising the original observation of YKLP
15006a [8]. In both part and counterpart of YKLP 15006, the root of the nerve trunk (A2) supplying the specialized post-antennal appendage originates posterior to
the root of A1. In both part and counterpart, most of the material corresponding to the optic tracts and protocerebrum has been lost from the corresponding area,
here denoted by asterisks in (D).
(E–H) Tracings of preserved neural structures shown in (A)–(D).
(I and J) Overlapped (I) and merged (J) tracings from (E)–(H).
(K) Interpretative drawing of YKLP 15006a showing in blue trajectories to the protocerebrum that would have been occupied by optic tracts.
(L) Interpretative drawing from observations of all three specimens showing reconstruction of the brain, its optic neuropils, optic tract, and nerves A1 and A2.nerves and show paired tritocerebral nerves extending laterally
from the brain and then bifurcating (Figures 1A, 1B, 1E, and 1F).
A pair of discrete swellings located just beneath two protru-
sions flanking the midline of the anterior sclerite is evident
in specimens YKLP 11358, 11359, and 11361 (Figure 2). These
swellings are confidently interpreted as the third optic neuropils,
each corresponding to the lobula of extant malacostracan
crustaceans and insects. Traces of optic tracts and equivalent
neuropils are also observed in seven additional F. protensa spec-
imens (YKLP 11359–11365), showing consistent arrangements
(Figure S1).2970 Current Biology 25, 2969–2975, November 16, 2015 ª2015 TheGeochemical Analyses on Fossilized Neural Structures
The rarity of neural tissues in the fossil record has prompted
doubts about the fidelity of labile tissue preservation [13]
and begged the question of how the CNS could survive
fossilization processes. Decay experiments on invertebrates
compacted in sediment demonstrate that neural tissue has
a more prolonged window for withstanding decay than is
commonly assumed and that brain outlines and its segmental
sequence are preserved with fidelity despite compaction
(unpublished data). Geochemical analyses of the present
fossilized neural tissues were therefore undertaken to addressAuthors
Figure 2. Identification of Corresponding
Neural Structures
(A and B) Specimen YKLP 11358 reveals the
bilaterally symmetric arrangement of optic neuro-
pil and optic tract (A). The boxed area, enlarged in
(B), shows the third optic neuropil (lobula, arrow-
head) and optic tract (OT).
(C and D) Specimen YKLP 11359 likewise resolves
the same structures (C), with the upper left box
enlarged in (D).
(E and F) Neural tissue revealed in specimen YKLP
11361 (E). The upper-right box, enlarged in (F),
again demonstrates the ovoid area representing
the lobula confluent with the optic tract.
In all specimens, ‘‘Re’’ indicates the retina.previously raised concerns and deduce the taphonomic path-
ways involved.
In the original report on F. protensa YKLP 15006a, scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) showed neural traces preserved with a higher
iron concentration than surrounding structures. High-resolution
back-scattered electron micrographs showed that such traces
were covered by dense pyrite framboids [6]. This chemical signa-
ture was subsequently resolved by energy-dispersive X-ray
fluorescence (EDXRF) for another Chengjiang arthropod, Alalco-
menaeus sp., showing the CNS as a high iron concentration [9].
These observations suggested that pyritization should play a
fundamental role in replicating neural tissues. However, a case
for authigenic pyritization as an exclusive pathway by which
neural tissue was preserved was challenged by a new fossil dis-
covery, the radiodontan Lyrarapax unguispinus, on which SEM
and EDX resolved brain and other neural structures as carbon-
rich domains [11].
All F. protensa specimens in this study were examined with a
high-resolution detector (see the Supplemental Experimental
Procedures), providing insights to taphonomic pathways for
neural tissue preservation. In the newly discovered specimens
YKLP 11357 and 11358, areas of the brain, optic tracts, and
antennal nerves appear as black deposits against a yellow back-
ground of other structures (Figures 1A, 1B, and 3A). SEM and
EDX analysis resolve these black structures as high concentra-
tions of carbon, while surrounding tissues are resolved as iron
(Figure 3B). That there is no overlap between the carbon andCurrent Biology 25, 2969–2975, Noiron signals (Figure 3B) indicates that
these neural structures were preserved
as complete carbon compressions. No
calcium was detected in any examined
specimen, indicating that the carbon is
organic rather than in carbonate.
Although re-examination of the part
YKLP 15006a confirms previous analyses
that neural traces on this slab are pre-
served as pyrite (Figures 4E–4G), the neu-
ral trace of the counterpart YKLP 15006b
reveals both iron and carbon signals
(Figures 4B and 4C). EDX scanning dem-
onstrates that the brain, optic lobes, and
antennal nerves of YKLP 15006b arereproduced as positive Fe, C, P, S, and Cl maps, with Fe and
C signals being the strongest and almost entirely overlapping
(Figures 4B–4D and S2). However, some small areas still remain
as carbon film without overlying pyrite (Figures 4B and 4D,
arrows). Iron and sulfur are clearly associated with pyrite. Carbon
belongs to the remaining organic matter. Phosphate is attrib-
utable to neural tissue enriched in phospholipids. The role of
chlorine is unclear. Neural profiles can also be seen as negative
signals in K, Al, and Si maps (Figure S2).
Back-scattered electron microscopy shows that densely ar-
ranged pyrite microcrystals and framboids cover neural struc-
tures in both the part and counterpart of YKLP 15006 (Figures
4E–4J). High-magnification micrographs depict discrete fram-
boids (10 mm in diameter), with larger cuboidal internal mi-
crocrystals (2 mm in diameter; Figure 4F). A semi-transparent
membrane covers each framboid (Figure 4F). Pyrite microcrys-
tals of various shapes and sizes are densely scattered within
intervening spaces between framboids. Among the pyrite,
small dark carbon spots (20 mm in diameter) are occasionally
detected in areas corresponding to brain and optic neuropils
in the part YKLP 15006a (Figure 4G); however, in the counter-
part YKLP 15006b, much larger dark carbon patches are
observed within the brain region and along the tritocerebral
nerve tracts (Figures 4H–4J). Crucially, high-resolution micro-
graphs reveal that pyrite microcrystals have grown on the
carbon films (Figures 4I and 4J), demonstrating that pyritiza-
tion occurred subsequent to the formation of carbonaceous
compressions.vember 16, 2015 ª2015 The Authors 2971
Figure 3. Element Analysis of Specimen YKLP 11358 by SEM with EDX
(A) Under direct illumination, traces of preserved neural tissue are shown as black.
(B) Merged C and Fe EDX maps resolve carbon and iron as entirely non-overlapping.Detailed structures not observed prior to EDX scanning are
revealed in element maps. Each of the K, Al, Si, and Fe maps
of the left optic stalk of YKLP 15006b show that the dark area
beneath the compound retina comprises a crescent-shaped
domain (lamina) connected to a narrower region (medulla)
by six parallel tracts (Figure S3), which with reference to
extant Pancrustacea specifically correspond to bundled axons
constituting the optic chiasma linking these neuropils [14]. This2972 Current Biology 25, 2969–2975, November 16, 2015 ª2015 Thearrangement, typifying Malacostraca and Hexapoda, is here
preserved in its frontal aspect. As in extant species (Fig-
ure S3B), the horizontal crossover would only be seen had
the specimen been fossilized normal to its plane of preserva-
tion [14]. In the remaining seven F. protensa specimens (YKLP
11359–11365), four preserved optic tracts are carbon com-
pressions, two are pyrite, and one lacks a clear preservation
signal. Chemical signal strengths most likely relate to theAuthors
Figure 4. Geochemical Analysis of Specimen YKLP 15006
(A–D) Element analysis of specimen YKLP 15006b by SEM with EDX.
(A) Under direct illumination, the counterpart of YKLP 15006 shows dark-
brown areas interpreted as preserved neural tissue.
(B and C) EDX maps showing carbon (B) and iron (C) signals.
(D)Me rgedC + Fe signals reveal occasional areas where pyrite has not formed
to obscure the underlying carbon. These areas are indicated by arrows in (B)
and (D).
(E–J) High-resolution back-scattered scanning electron micrographs of
F. protensa YKLP 15006.
(E–G) The part of the specimen (YKLP 15006a).
(E) The central brain region, showing that the structure is covered by densely
arranged pyrite with framboids.
(F) High-magnification image depicting discrete framboids with larger,
cuboidal internal microcrystals, covered by a semi-transparent membrane.
Individual pyrite microcrystals of various shapes and sizes are densely scat-
tered in the intervening space between framboids.
Current Biopreservation status of neural structures, which varies among
specimens.
DISCUSSION
Fuxianhuia Brains Are Tripartite
The stem-group euarthropod [15, 16] F. protensa provided the
first plausible evidence that a tripartite brain comprising
three pre-stomodeal neuromeres had evolved by the early
Cambrian [6]. New specimens described here further confirm
that F. protensa possessed a brain comprising proto-, deuto-,
and tritocerebral neuromeres, which are defined by paired nerve
tracts extending into the eyes, antennae, and specialized post-
antennal appendages, respectively. Optic stalks of F. protensa
reveal traces of three nested neuropils associated with optic
tracks that merge with well-defined protocerebral lobes. A
comprehensive reconstruction is shown in Figure 1L. These fea-
tures demonstrate that by Cambrian Stage 3 (circa 517 million
years ago) arthropods had already acquired CNSs generally cor-
responding to those of extant taxa.
Taphonomic Interpretations of Exceptionally Preserved
Neural Tissues
The taphonomy of soft tissues from Burgess Shale-type fos-
sils has been a subject of considerable debate. The broad
consensus is that recalcitrant tissues (e.g., cuticle) in most
Burgess Shale-type fossils are preserved as organic carbon
films [17–19], whereas early diagenetic mineralization is as-
signed a key role in replication of labile tissues [20, 21]. However,
Chengjiang fossils are often intensely weathered, which has ex-
erted a significant effect on their appearance and geochemical
composition [19, 21]. In contrast to the Burgess Shale and other
exceptionally preserved Cambrian deposits, Chengjiang fossils
are more commonly preserved by pyrite (later altered to iron
oxide or hydroxide), and the primary carbon and calcium phos-
phate have been largely lost from the fossils [21]. This study con-
tributes to this discussion by focusing on the preservation of a
single type of labile tissue, namely the CNS.
As described above, there is no single geochemical signal for
the preserved neural structures from Chengjiang specimens;
instead, it varies from pure carbon compressions to complete
pyrite, as the ends of a spectrum. A similar range of preservation
has been observed in recalcitrant tissues in Chengjiang [21], as
well as in Ediacaran-aged fossils [22]. Following the primary
mode of Burgess Shale-type preservation [18], it is likely that
the organic macromolecules of the CNS, which in euarthropods(G) Left eye region, showing the optic neuropil region densely covered by pyrite
with framboids (right half of image), in contrast to the surrounding tissue (left
half of image). A few dark carbon patches are revealed among the pyrite of the
optic neuropil region.
(H–J) The counterpart of the specimen (YKLP 15006b).
(H) The central brain region, showing densely arranged pyrite with framboids,
with larger patches of dark carbon patches detected in some areas, in contrast
to the part.
(I) Part of the tritocerebral nerve tract, which is predominantly preserved as a
carbon film with scattered pyrite crystals.
(J) Part of the tritocerebrum, showing both preservation modes of densely
packed pyrite with framboids (left half of image) and dark carbon film (right half
of image), depicting growth of pyrite on top of the carbon film.
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is an especially dense hydrophobic tissue greatly enriched in
lipids, were degraded initially into simple carbon chains. Further
degradation was suppressed by oxidant deprivation resulting
from rapid entombment and early cementation at the sedi-
ment-water interface [18]. This permitted the stabilization of
neural tissues as a carbonaceous film before their total decom-
position. Subsequently, in the presence of sulfate (SO4
2), sul-
fate-reducing bacteria could concentrate on the carbon film
and consume the remaining organic compounds while reducing
sulfate to bisulfite (HS). The latter would then interact with reac-
tive iron (Fe2+) to accelerate localized pyrite (FeS2) precipitation
as replicates of original neural tissue [21, 23].
The varied preservation modes of fossilized CNSs reflect
diversity in the degree of pyritization after organic tissue was sta-
bilized as carbon. As stated above, in an anoxic marine environ-
ment fossil pyritization is facilitated by the presence of organic
material, reactive iron, sulfate, and sulfate-reducing bacteria.
Consequently, the lack or exhaustion of any key element would
inhibit pyrite formation. The spectrum seen in Chengjiang fossils
studied here spans the following routes: (1) For neural tissue pre-
served as pure carbon compressions (such as L. unguispinus
YKLP 13305 in [11] and F. protensa YKLP 11357, 11358,
11359, and 11361; see Figures 1A, 1B, 2, and 3), no pyritization
occurred after the tissuewas stabilized as carbon. Thismay have
resulted from a lack of sulfate, so microbial degradation of
organic carbon film was severely retarded. Sulfur isotope evi-
dence revealed that sulfate concentration was relatively low in
Cambrian oceans globally, and early sealing of sediments by
pervasive carbonate cements at bed tops further restricted
sulfate flux into the sediments [18]. (2) For neural structures pre-
served as mixed carbon and iron signals (as in F. protensa spec-
imens YKLP 15006a and 15006b; see Figures 4B–4D), a small
amount of sulfate diffused into the sediments, so microbial sul-
fate reduction occurred and pyritization commenced. The pro-
cess was then most likely truncated before all carbon resources
were exhausted due to the exhaustion of sulfate. (3) For totally
pyritized neural tissue (as in Alalcomenaeus sp. specimen
YKLP 11075), the flux of sulfate into the sediments was sufficient
for pyritization, which ceased only after all organic material was
exhausted and replaced by pyrite.
In Chengjiang fossils, carbon is observed only in some internal
structures (e.g., the gut [24, 25], optic lobes [6, 11], and neural
and cardiovascular structures [26]), whereas external structures
(e.g., the cuticle) have a yellowish color. This difference might be
ascribed to two factors: (1) the internal and external structures
had dissimilar molecular composition, the latter more easily
used by sulfate-reducing bacteria to induce pyritization, and
(2) the pyritization process followed an external to internal
sequence, allowing an extended taphonomic window for preser-
vation of internal structures before pyrite precipitation. In the
Ediacaran-agedGaojiashan fossils, it is also suggested that pyri-
tization proceeded centripetally [22]. The taphonomic pathway
described above could also apply to an example of a preserved
cardiovascular system of F. protensa preserved as carbon [26].
Although it is broadly accepted that carbonaceous compres-
sions are the primary mode of Burgess Shale-type preservation,
as reinforced by present evidence, it is yet unclear when pyritiza-
tion occurred. It has generally been considered that pyritization
occurred at a very early stage of diagenesis in Burgess Shale-2974 Current Biology 25, 2969–2975, November 16, 2015 ª2015 Thetype preservation [20, 21], an interpretation consistent with the
framboidal morphology and cuboidal microcrystals of pyrite in
the brain and optic tracts of F. protensa, as well as sulfur overlap-
ping the distribution of iron. However, one recent study pro-
posed that pyritization of Chengjiang-type fossils is confined to
later diagenetic processes [19].
In conclusion, neural tissue preservation pathways challenge
the widely accepted premise that authigenic mineralization is
essential for the early fixation of labile tissues [20–22]. Moreover,
neural tissue is preserved via the same modes as other anatom-
ical systems in the Chengjiang biota, i.e., as carbonaceous
compressions and pyrite. Preservation as carbon films likewise
applies to the CNS in Burgess Shale euarthropods [12] and
apparently to other labile organ systems in Burgess Shale-type
fossils (e.g., the liver and heart in [27]).
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